ABSTRACT Germanium based sulfides are potentially attractive as anode material for sodium ion batteries but rarely investigated. Herein, we firstly investigated Na + storage properties of pristine Cu 2 GeS 3 (PCGS) and found an effective strategy to improve its performance by a single lithiation/delithiation cycle obtaining ultrafine nanoparticle copper germanium sulfide (NCGS). The lithiation/delithiation process leads to the formation of a stable Li-containing solid electrolyte interphase film and a significant improvement of sodiation kinetics. Therefore, the NCGS anode delivers favorable capacity retention and better rate capability compared with that of a PCGS whether in the half cell or in the full cell, showing great promise for energy storage application.
INTRODUCTION
While lithium ion batteries (LIBs) are widely used in portable electric devices and electric vehicles today, the severe shortage in lithium resources will be an ultimate limitation to meet the future demand [1] [2] [3] . Therefore, the sodium ion batteries (SIBs), as promising alternatives to LIBs, have recently attracted much attention due to the earth abundance of sodium sources and its identical fundamental principles to LIBs [4] [5] [6] . Moreover, the higher standard electrochemical potential of sodium (-2.71 V vs. Na + /Na) can reduce the electrolyte degradation compared with that of lithium (-3.04 V vs. Li + /Li) [7, 8] . Unfortunately, the Na + radius (1.12 Å) is 47% larger than that of Li + (0.76 Å), which causes sluggish reaction kinetics accompanied by large volume change and unstable solid electrolyte interphase (SEI) film formation during cycling, leading to inferior electrochemical properties [9, 10] . Current anode materials are not used for the commercial SIBs because of their relatively low specific capacity, short cycle life and poor rate capability.
In terms of the candidate anode materials, germanium (Ge) is one of the promising SIB anode owing to its high theoretical specific capacity (369 mA h g −1 based on NaGe) [11, 12] . However, the Ge exhibits high specific capacity only in special electrode structures such as thin film, and the regular block structures [12] , mainly due to the sluggish kinetics of Na + transport in the Ge lattices. Mullins and colleagues [13] firstly demonstrated that lithium activated Ge nanowires delivered excellent Na + storage properties due to the dramatic improvement of sodiation kinetics. Another efficient strategy is to use Gebased compounds to improve the electrochemical performances. Recently, some reports [14, 15] proposed that Ge-based oxides (e.g., GeO 2 , Zn 2 GeO 4 ) exhibited considerable Na + storage properties. Besides, the alloy-based sulfides anode materials (e.g., SnS, CuSbS 2 ) exhibit excellent electrochemical performances because they combine the storage mechanisms of conversion reaction and alloy reaction, and present superior ionic conductivity [16] [17] [18] . To the best of our knowledge, there are rare reports on electrochemical research of Ge-based sulfides in SIB fields.
Recently, Cu 2 GeS 3 (CGS) has attracted extensive attention in the various technological areas [19] . CGS is evaluated as the anode of SIBs due to its high electronic conductivity (0.47 eV, band gaps), which is superior to that of Ge (0.66 eV, band gaps) [20, 21] . It is cost-saving since the expensive germanium is partially replaced by inexpensive copper and sulfur. In this work, we have successfully prepared ultrafine nanoparticle copper germanium sulfide (NCGS) as SIB anode by a single lithia-tion/delithiation cycle of pristine CGS (PCGS). Benefiting from the unique experimental design and material structure, the NCGS electrode exhibited better electrochemical performances compared with that of PCGS. Moreover, sodium ion full cell was demonstrated based on NCGS anode and boron doped carbon coated Na 3 V 2 (PO 4 ) 3 (NVP) cathode, which delivered excellent cycling stability and remarkable rate capability. These results demonstrate the great potential of NCGS for future energy storage fields.
EXPERIMENTAL SECTION

Material preparation and characterization
The CGS was synthesized according to the literature reported previously [22] . And the preparation process of NVP was provided in the Supplementary information. The phase composition and crystallinity information were examined by X-ray diffraction (XRD, Bruker-AXS Micro-diffractometer, D8 Advance) with Cu Kα radiation (λ=0.154056 nm). Morphology and lattice structural characterization were acquired using field-emission scanning electron microscopy (SEM, Hitachi S-4800), transmission electron microscopy (TEM, Hitachi H-7650) and high resolution TEM (HRTEM, Tecnai F20 G 2 ) attached with energy dispersive X-ray spectroscopy (EDX). The elemental chemical surface electronic environment information was determined using a X-ray photoelectron spectroscopy (XPS, Thermo Fisher K-Alpha) spectrometer (VG Scientific) under Al Kα radiation (1486.6 eV).
Electrochemical measurements
The electrochemical performances were examined using CR2032 button cells assembled in an argon-filled glove box. The PCGS electrode was prepared by coating the hybrid slurry of 80 wt% of CGS powder, 10 wt% Super P carbon and 10 wt% poly(acrylic) acid binder dispersed in appropriate amount of water onto a copper foil and dried at 60°C for 24 h in vacuum oven. For comparison, the NVP electrodes consisted of NVP (80 wt%), the Super P carbon (10 wt%) and LA-133 binder (10 wt%) and aluminum foil as current collector. The mass loading of the active materials in PCGS and NVP electrodes were approximately 1.6 and 2.5 mg cm -2 , respectively. The preparation process of NCGS electrode is provided in the supplementary information. The electrolyte was obtained by dissolving 1.0 mol L -1 NaClO 4 in ethylene carbonate/ dimethyl carbonate (EC/DMC, 1:1 v/v) with 5 vol% fluoroethylene carbonate (FEC) as additive. The half-cells were fabricated using PCGS or NCGS, glass microfiber filter and Na metal as working electrode, separator and counter electrode with above electrolyte, respectively. When coupling as a full cell, the mass loading of active materials for anode was less than that of the cathode. Galvanostatic cycling measurements were performed on a Land battery testing system (Land CT2001A). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests were conducted with an electrochemical workstation (BioLogic VMP-300).
RESULTS AND DISCUSSION
Our strategy is to prepare NCGS materials via a single lithiation/delithiation cycle and to obtain outstanding Na + storage performances as anode. Fig. 1a illustrates the preparation of NCGS electrode for SIBs. Under lithiation/ delithiation process, the PCGS were converted into NCGS with amorphous and abundant nanopore structure, which could accelerate solid-state diffusion of Na + and improve sodiation kinetics of Ge. Moreover, a stable Licontaining SEI film was formed on the surface of active materials, which could suppress continuous consumption of electrolyte during Na + insertion/extraction. To determine the crystal structure of PCGS, the typical XRD was carried out. As shown in A single lithiation/delitiation cycle was performed under the voltage window of 0.005-3.5 V with a current density of 50 mA g -1 to improve sodium storage performances of the PCGS. The PCGS exhibits a charge/discharge capacity of 1,386.1/1,675.8 mA h g -1 with a Coulombic efficiency (CE) of 82.71% (Fig. S3) . Its electrochemical reaction process has been discussed in our previous work [22] . Ex-situ XRD, XPS and HRTEM were carried out to explore the crystal structure and microstructure variation of the NCGS. Two diffraction peaks are attributed to Cu substrate and no other diffraction peaks are observed (Fig. 1b) . In addition, the HRTEM images ( Fig. 1c and Fig. S4 ) of NCGS exhibit clear lattice fringes and SAED pattern (inset in Fig. S4) shows obvious   ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1178 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . polycrystalline rings, demonstrating the poor crystalline structure of the NCGS. Low magnification SEM image of NCGS (Fig. 1d) displayed the nanoparticle size, compared with that of the PCGS (Fig. S1g) . Interestingly, high magnification TEM image (Fig. 1e) shows the abundant nanopores clearly. They were introduced during the delithiation process, which was consistent with the previous reports in the Ge-anode materials [23] . This is an effective method to improve sodiation kinetics, because these pores should act as fast Na + diffusion path, thus reducing the solid-state diffusion distance and accelerating solidstate diffusion of Na + [13] . The high-angle annular dark field (HAADF) image (Fig. 1f) and corresponding EDX elemental mapping images (Fig. 1g-i) resulting from their K-lines confirm the co-existence and homogenous distribution of Cu, Ge, and S in the as-prepared NCGS samples.
The chemical composition of PCGS and NCGS was determined by XPS. As shown in Fig. 2a , the Cu 2p 1/2 and 2p 3/2 peaks of PCGS are located at 932.08 and 951.88 eV, respectively, with a peak separation of 19.8 eV, demonstrating the presence of Cu + [24] . After lithiation/delitiation activation, the binding energies of Cu 2p 1/2 and Cu 2p 3/2 peaks are shifted to 932.28 and 952.18 eV respectively, confirming the variation of chemical state. The pronounced Ge 3d peak (Fig. 2b) is shifted from 32.3 eV (Ge 4+ ) to 29.6 eV (Ge 0 ) after activation, consistent with previously reports [13, 25] . In addition, a weak characteristic peak with binding energy of 30.08 eV exists in the Ge 3d XPS spectra corresponding to Ge + signal, demonstrating the trace amount of Ge 2 S in both materials [26] . The S 2p spectra of PCGS and NCGS show two characteristic peaks located at 161.3 and 162.5 eV in the Fig. 2c , which is consistent with 2p 1/2 and 2p 3/2 orbitals, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1179 respectively, suggesting the presence of S 2- [27] . An impurity peak at 168.5 eV originates from metal sulfate, indicating that the samples are composed of the trace amount of oxysulfide resulting from the surface oxidation [28] . The peak at 532 eV in the O 1s core level spectrum (Fig. 2d) further evidences the existence of oxysulfide [29] . It is worth noting that the O 1s spectra of NCGS also contain three peaks at 529.9, 531.3 and 532.5 eV, which corresponds to the characteristics of O 2-, CO 3 2-/RO -, and ROCO 2 -respectively, and suggests the formation of SEI film during the lithiation/delitiation activation process [30, 31] . These results demonstrate that the uniformly distributed Ge/Cu x S is the main component of NCGS.
The CV and galvanostatic cycling tests were employed to understand the Na + storage mechanism in the voltage range of 0.005-2.0 V. Fig. 3a shows CV of the NCGS electrodes at a scan rate of 0.2 mV s -1 for the first three cycles. The first cathodic scan displays a peak at 0.8 V, which is assigned to the conversion of Cu x S with Na + to form metallic Cu and Na 2 S (Cu x S + 2Na + + 2e → xCu + Na 2 S) [32, 33] . This peak shifted to 0.6 V in the second and third cycles. As shown in Fig. S5a , the diffraction peaks of Na 2 S were observed in ex-situ XRD pattern of the discharge products, consistent with the above CV data. The reduction/oxidation potential pair at 0.01/(0.2 and 0.5) V can be ascribed to signature of the alloying/dealloying reaction of Ge (Ge + Na + + e ↔ Na x Ge, 0≤x≤1), respectively, as previously reported for Ge-based SIB anode [15, 34] . An oxidation peak at about 1.9 V was observed and regarded as the re-formation of Cu x S (xCu + Na 2 S → Cu x S + 2Na + + 2e) [32, 33] . The nearly overlapped CV curves of the second and third cycle indicate an excellent reversibility and cycling stability. The SAED patterns of discharge stage (0.005 V) in the first cycle (Fig.  S6a) indicate that all the diffraction rings of NCGS are well-matched with the PCGS, suggesting the similar Na + storage mechanism. The SAED patterns of NCGS before and after a cycle (Fig. S6b) are identical, which demonstrate the excellent reversibility of NCGS anode materials.
The initial three galvanostatic charge/discharge profiles of NCGS at a current of 100 mA g -1 are displayed in Fig.  3b , and the voltage plateau is in accordance with the CV results. The cycling performances of NCGS and PCGS at a current density of 100 mA g -1 are shown in Fig. 3c . For the NCGS, the first charge and discharge capacities are 317 and 300.1 mA h g -1 , respectively, with a CE of 105.63%. The abnormal CE value may result from the residual Li + during the lithiation/delitiation process. In contrast, the PCGS delivers an initial charge capacity of 311.7 mA h g -1 and a CE of only 41.5%. Note that the larger irreversible capacity should be attributed to the decomposition of electrolyte and the formation of SEI film. After 100 cycles, the charge capacity of NCGS was as high as 253.9 mA h g -1 , which is much better than that of PCGS (122.5 mA h g -1 ). The favorable cycling stability of NCGS can be ascribed to the improvement of material structure from the lithiation/delitiation activation. The unique material structure can facilitate solid-state diffusion of Na + . Rate performance is an important parameter for the applicability. As displayed in Fig. 3d , the NCGS presents approximately a charge capacity of 304, 252, 185 and 152 mA h g -1 at various current densities of 50, 100, 200 and 500 mA g -1 , respectively. Moreover, when the current density was switched back to 100 mA g -1 , the charge capacity can be recovered back to 245 mA h g -1 . It is worth noting that the rate capacities of NCGS, except first five cycles, are better than those of PCGS under the same condition, confirming the lithiation/delitiation activation also benefits the rate property.
In order to further investigate the advantage of NCGS compared with PCGS for SIBs, their high resolution XPS spectra after different cycles at 100 mA g -1 are included in Fig. S7 . The characteristic peaks of the Cu 2p, Ge 3d, S 2p and Na 1s after 20 cycles are similar to the results after the first cycle, revealing the excellent surface elemental chemical states stability. The SEI film was formed in the initial cycle and further changed in subsequent cycling process. Some recent simulation study concluded that the FEC is beneficial for the formation of stable SEI film on anode surface, which prevents further consumption of electrolyte [35] . A relatively large amount of metal fluorides is present in the SEI film. As shown in Fig. S7e , The characteristic peaks of F 1s of PCGS and NCGS located at 684.3 and 684.9 eV at different cycles, which are likely related to NaF and LiF signal, respectively [36, 37] . This difference suggests that the SEI film of NCGS was fabricated in the lithiation/delithiation activation process and maintained stable during the sodiation/desodiation cycles. LiF-containing SEI film can suppress continuous consumption of electrolyte from electrolyte reaction with Na during each charge process. As discussed previously, the formation of stable SEI film results in outstanding electrochemical performances. The clear peak in the Li 1s spectra further proved long-term presence of LiF (Fig.  S7f) . For an insight understanding of the effect of lithiation/delitiation activation, the EIS spectra of the PCGS and NCGS electrodes were analyzed before cycling and after 1, 20 and 100 cycles (Fig. S8) . Equivalent circuit in Z-view software was used to model these data and the corresponding impedance parameters are listed in Table  S1 . Similar equivalent series resistance (R es ) values of NCGS and PCGS at different cycles (include 1, 20 and 100 cycles) demonstrate that the effect of lithiation/delitiation activation process is negligible for conductivity of active materials as SIB anodes.
Full cell performance is one of the important parameter Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . for practical application of anode materials. However, the properties of Ge-based SIB anodes (elemental, oxides and sulfides) have rarely been investigated until now. In this work, NCGS and PCGS were paired up with excessive NVP cathode to assemble the full cell. The structure and morphology details of NVP were examined by XRD (Fig.  S10) and SEM (Fig. S11) , respectively. Galvanostatic cycling measurements of full cell were performed under a cut-off voltage of 0.005-3.5 V and the specific capacities were calculated based on the active materials of anode. Residual Li + in NCGS resulted in an open-circuit voltage (V oc ) of approximately 1.8 V and a discharge capacity of 126.5 mA h g -1 (Fig. S12a) . The typical discharge/charge curves (Fig. 4a) of the NVP/NCGS full cell show the voltage platform at about 0.5 V in the first charge curve which is assigned to residual Li + of NCGS. NVP/NCGS presents a high output voltage of 2.5 V (3.2/2+1.8/2), which is much higher than that of NVP/PCGS (1.7 V, 2.6/ 2+0.8/2) (Fig. 4b) . The higher output voltage was attributed to synergetic effect of low sodium storage potential of Ge-based anode and the improvement of sodiation kinetics. Cyclic performance of the full cell at a current density of 100 mA g -1 is shown in Fig. 4c . The NCGS exhibits an initial discharge capacity of 272.4 mA h g -1 with a CE of 77.78%. A discharge capacity of 236.7 mA h g -1 was achieved after 100 cycles and corresponded to capacity retention of 86.7% (only 0.07% capacity loss for per cycle from the 4 th to 100 th cycle). For comparison, the PCGS displayed a first discharge capacity of 239.1 mA h g -1 (initial CE of 75.54%) and rapidly decayed to 16.7 mA h g -1 after 100 cycles with low capacity retention of 6.98%. The lower CE of full cells than half cell counterparts during cycling process may be ascribed to the strictly limitation of Na + in full cell and continuous pulverization and formation of SEI film. When tested in the voltage window of 1.0-3.5 V at a current density of 200 mA g -1 , as shown in Fig. S12b , the assembled NVP/ NCGS also exhibited a favorable capacity retention (206 mA h g -1 after 100 cycles). Such superior cycling stability of sodium ion full-cell indicates that NCGS is a promising anode material for SIBs. Besides the outstanding cycling stability, NVP/NCGS (Fig. 4d ) also shows excellent rate capability, which is better than that of NVP/PCGS (Fig.  4e ). When the current density was changed stepwise from 50 to 100, 200, 500, 1,000 and 100 mA g -1 for every 10 successive cycles, the corresponding discharge capacities are obtained for 270, 260, 250, 230, 203 and 251 mA h g -1 , respectively. On the basis above discussed, the excellent full-cell performances are attributed to unique material structure and stable SEI film. The NVP/NCGS cell of fully charge exhibits higher V oc (3.13 V) after standing for 12 h (Fig. S12c) . As shown in Fig. S12d , using our assembled Na + full cell could light up the blue light emitting diode (LED) array, demonstrating the practical application value of NCGS.
CONCLUSIONS
In conclusion, we have successfully prepared NCGS by lithiation/delithiation activation to study its Na + storage properties for the first time. It exhibits better cycling property and considerable rate capability compared with that of PCGS. These improved performances can be ascribed to the dramatic improvement of sodiation kinetics and formation of stable SEI film during the lithiation/ delithiation process. To further explore the practical application, NCGS is paired up with NVP cathode to assemble the full cell. The assembled NVP/NCGS full cell exhibits favorable capacity retention (86.9% after 100 cycles at a current density of 100 mA g -1 ), better rate capability and higher Coulombic efficiency compared with those of NVP/PCGS full cell. Such excellent Na + storage performance of CGS could boost the practical utilization of SIBs.
